Abstract: Worldwide, over 1.1 billion people have no access to electricity. The consequences for 8 the affected people include health hazards from fuels used for lighting, limits to learning when it 9 gets dark, a short productive day and high expenditures on lighting alternatives. Since 85% of 10 affected people live in rural areas in developing countries, increasing access to electricity through 11 grid supply is logistically and financially challenging. As a potential solution to this issue off-grid 12 solar chargers have been gaining popularity. This technology is under continuous development to 13 achieve lower costs, faster battery charge and more electricity generation to prolong light hours. 
Introduction 30 31
Worldwide, over 1.1 billion people have no access to electricity and thus no access to clean lighting Not having access to clean electricity has a negative impact on people and the environment. To be an efficient solution, a solar light needs to generate more electricity, store it more quickly 28 while being low cost and highly portable. This can be achieved by improving different parts of the 29 design: the LED light, the battery and the solar module. Quicker charging battery 37 4 The only operational cost is the battery replacement, which is due around every 5 years [23, [25] [26] [27] [28] [29] [30] [31] The battery cost at the moment are around 25% of the overall cost. 5 Joanna Gentili, Founder and CEO, Team Planet (http://www.goteamplanet.com/), pers. comm with Glasgow Caledonian University, Centre for Climate Justice (7May15) The charging time of a LiFePO 4 battery depends on the charging current. An 800 mAh 3.2 V 13 battery for example takes 6 hours to charge at 160 mA and 3 hours at a 400 mA [36] . Thus 
23
The PV material most commonly used for solar lights is crystalline silicon (c-Si) [23, [25] [26] [27] [28] [29] [30] [31] .
24
Having benefited from parallel development in the semiconductor industry, c-Si based PV modules Given that the efficiency limit for silicon based solar cells with an energy gap of 1.1 eV is 30% [43] 36 and that efficiency improvements of silicon solar cells have been stagnating over the last two 
40
These technologies include: amorphous silicon, copper indium diselenide (CIS), copper indium gallium diselenide (CIGS), cadmium telluride (CdTe) and gallium arsenide (GaAs 
36
Another method of improving the electrical output of the module is simply to increase its size.
37
However, this will result in a direct increase in price, since the solar module contributes include toxic materials, quartz for silicon needs to be mined putting the workers and local 41 population at risk. The manufacturing process of silicon solar cells also involves toxic substances and elements such as silicon tetrachloride, hydrofluoric acid and cadmium, which when not treated 1 at high safety levels can harm workers and the environment [58] . Thus, increasing the output 2 without increasing the amount of PV material used is preferable.
3
An alternative approach to increasing the electrical output of the solar module is to use solar PV 4 concentrators. A solar PV concentrator increases the electrical output of the system whilst using the 5 same amount of PV material. This is not only beneficial for the environment but also has the 6 potential to reduce the overall costs, given that the cost for the concentrator is lower than the PV 7 material cost it replaces
6
. Furthermore, concentrated light on the cell results in an increased photo-8 generated current, which enables a quicker battery charge.
9
The solar PV concentrator design depends on the application. A solar PV concentrator for portable 10 PV systems for developing countries needs to meet the following requirements: (i) low complexity;
11
(ii) minimum maintenance; (iii) high reliability; (iv) low cost; and (v) non-toxic materials. The 17 18 A solar PV concentrator is a device which redirects light rays from a large area onto a small area and concentrate more diffuse light. However, 1-axis tracking can be used to prolong light collection hours [18] . Systems with concentration ratios 23 between 10 x and 100 x are medium concentration systems requiring cooling and at least 1-axis 24 tracking. Systems with a concentration ratio >100 x are considered as high concentration systems 25 requiring cooling and high precision 2-axis tracking with tolerances below 0.2° [18, 60] .
Solar PV concentrators

26
For solar concentration, a PV material with high stability is required due to increased heat from of a similar range, the temperature increase can be managed by passive cooling.
35
The categorisation used in this work is based on the concentration method (reflective, refractive, 36 hybrid, luminescent) and on the optics type (imaging, nonimaging) (Figure 1) . Additionally, the 37 concentrators can be divided into 2D and 3D designs, depending on whether the concentration is 
28
The compound parabolic concentrator (CPC) is the most common example of nonimaging optics. requirements of low complexity, low maintenance and high reliability; the manufacturing costs of a 1 reflective surface for low concentration systems are prohibitive. focuses the light with a concentration ratio of up to 3.4 x within the half-acceptance angles of ± 36º.
7
This concentrator design has been proposed for building integrated photovoltaics, therefore the 8 system can be installed for maximum output in either summer or winter (Fig. 4) . Due to the low 9 market availability of bifacial solar cells [73, 74] and the required knowledge on appropriate 10 orientation, this design is less suitable for portable solar system for developing countries. has been reported to be less prone to hot-spots [18] . However, it is far from being ideal, due to a 25 maximum transmission of 80% within its acceptance angle [69] . This gives freedom in tracking where either the entire system, the receiver or the individual mirrors 31 can be moved to track the sun [18] . Due to the large size, high manufacturing costs of the mirrors, 32 high precision tracking and the required cooling, this concept is not considered for portable solar 33 systems for developing countries. 16 17 Hybrid concentrators use refraction and total internal reflection (TIR) to focus light. For the same 18 concentrator design, a higher acceptance angle or a higher concentration ratio can be achieved when The wedge prism concentrator directs the light within the lens towards the exit aperture using TIR 14 ( Figure 10 ). This lens design is more commonly used for light direction rather than light 15 concentration due to its low concentration ratio compared to other concentrator designs as presented 16 in this work. It is therefore not given further consideration. GaInP/GaAs solar cell. The overall thickness between the front lens and the solar cell is 11 mm. An 39 overall system efficiency of 50% was achieved at a concentration ratio 20 x. However, the optical 40 efficiency drops rapidly outside an angle of incidence of ± 3° reaching 34% optical efficiency at 41 incident angles of ± 18°. It is therefore designed for fast battery charge in 1 -2 hours. The narrow acceptance angle, the complexity in manufacturing and the high cost make this design less suitable 1 for portable systems in rural areas in developing countries. 17 18 For BICPV, solar PV concentrators need to be installed at a certain angle of inclination according to 
Hybrid nonimaging concentrators
2D nonimaging static concentrators
26
The optical efficiency remains above 90% for azimuth angles between 0° and 55° and altitude 27 angles between 5° and 60°.
28
The truncated dielectric asymmetric compound parabolic concentrator (DiACPC-55) proposed by and a half-acceptance angle of about 28°, the height for a 10 mm base is 97 mm (Figure 15) [99].
36
The improvement to this design is an air gap between the reflecting coating and the lens which 37 maximises the total internal reflection and leads to an increase in optical efficiency by 10% [100].
38
The advantage of this design compared to a dielectric CPC is less material use and compared to a 39 mirror CPC a more uniform flux distribution. Considering the geometrical concentration ratio is 4 40 x, the concentrator needs to be more compact if it is to be used for portable solar systems. side, the total height is 30 mm (Figure 16) [59] . The RADTIRC has a high concentration ratio and a 10 compact design which are two important features for a portable concentrator. However, compared 11 to other concentrators, the appropriate orientation of the concentrator is even more important 12 because of the facetted entrance aperture. Furthermore, the concentrator is not designed for 13 concentrator array moulding which makes the array assembly more time and cost intensive. x. However, the optical efficiency has a strong drop between the angles of incidence of 30º and 60º.
8
This design is highly attractive due to its thickness of only 4 mm and could also be used for silicon 9 based solar cells. However, the angular acceptance and the optical efficiency need to be improved. The designs include CPCs, elliptical and hyperbolic concentrators, v-troughs, inverted cones and 14 pyramids [19] , which are all specifically designed for the small acceptance angles for imaging 15 optics. Because of their application, the particular SOE designs are not further discussed in this 16 work. However, related design concepts with application in BIPV have been discussed in section 3.
17
A comparative table of the concentrators discussed above is presented in As mentioned previously, the PV module contributes 20-25% to the overall cost of a small solar 
25
Consequently, the cost advantages from using solar concentrators depend of various factors and it is 26 essential to have knowledge of the precise concentrator geometry to calculate the change in total 27 cost. When designing a concentrator for portable solar systems for developing countries, the factors 28 influencing the manufacturing cost need to be considered for a solar PV concentrator to be cost 
Conclusion
33
The lack of electricity has a significant health impact, it limits the potential of the poorest people in 34 society and is adverse for the country's economic and social development. Since 85% of the 35 affected people live in rural areas in developing countries, an increase in electrification rate through 36 grid supply is extremely challenging. As a result, off-grid solar chargers have been gaining 37 popularity, however, lower cost, faster battery charge and more electricity generation need to be 38 achieved to increase the product uptake. It has been found that the implementation of concentrators 39 in portable solar systems allows a reduction in photovoltaic material used, it enables a faster battery 40 charge and the potential to reduce the overall cost and environmental impact of the system. 
